Pentachlorophenol (PCP) is a widely used biocide that has been reported to be hepatocarcinogenic in mice. Its effects in rats are equivocal, but the liver clearly is not a target organ for carcinogenesis. The carcinogenic effects of PCP in mice may relate to reactive oxygen species generated during metabolism. PCP is known to increase the hydroxyl radical-derived DNA lesion, 8-oxodeoxyguanosine (ohdG), in the liver of exposed mice. To investigate whether the generation of oxidative DNA damage and direct DNA adducts may explain the species difference in carcinogenicity, we have analyzed ohdG in hepatic DNA from PCP-exposed rats. Rats were exposed acutely to PCP for 1 or 5 days. Tissues also were obtained from a 27 week interim sacrifice of the 2 year National Toxicology Program carcinogenesis bioassay. We used HPLC with electrochemical array detection for ohdG analysis. Single or 5 day exposure to PCP (up to 120 or 60 mg/kg/day, respectively) did not increase ohdG. Dietary exposure to 1000 p.p.m. PCP (equivalent to 60 mg/kg/day) for 27 weeks induced a 2-fold increase in ohdG (1.8 versus 0.91⍥10 -6 in controls). In parallel, formation of direct DNA adducts was analyzed by 32 P-post-labeling following nuclease P1 adduct enrichment. We detected two major DNA adducts with relative adduct labeling of 0.78⍥10 7 adducts per total nucleotides. One of these adducts was found to co-migrate with the adduct induced by the metabolite, tetrachloro-1,4-benzoquinone. We observed differences in DNA adduct formation between acute and chronic studies, with acute studies not inducing any detectable amount of DNA adducts. These results indicated that chronic, but not acute exposure to PCP increased ohdG and direct adducts in hepatic DNA. As the same exposure conditions that enhanced ohdG did not produce liver cancer in rats, the generation of reactive oxygen species, oxidative DNA damage and direct DNA adducts is not sufficient for the induction of hepatocarcinogenesis by PCP in the rat.
Its extensive use and long persistence have resulted in significant environmental contamination and potential exposure to the general population. The carcinogenic effects of PCP have been evaluated in several chronic animal bioassays. PCP was reported to be carcinogenic in B6C3F1 mice, inducing hepatocellular adenomas and carcinomas, hemangiosarcomas and adrenal pheochromocytomas (2) . Its effects in rats were equivocal. PCP did not induce tumors in Sprague-Dawley rats (3) . A recent NTP bioassay reported increased incidences of mesotheliomas (tunica vaginalis) and nasal squamous cell carcinomas, but these effects were observed only when the maximum tolerated dose was exceeded (4) . The liver is a major site for PCP metabolism, but is not a target organ for carcinogenesis in the rat.
The mechanism underlying PCP carcinogenesis in the mouse is unknown, but may relate to reactive oxygen species generated during PCP metabolism. PCP is metabolized to tetrachlorohydroquinone and tetrachlorocatechol, which can be oxidized further to tetrachloro-1,4-benzoquinone and tetrachloro-1,2-benzoquinone via the corresponding semiquinones (5, 6) . Redox cycling associated with the oxidation of tetrachlorohydroquinone and/or the reduction of tetrachloro-1,4-benzoquinone to semiquinones generates oxygen radicals. This cascade has been reported to increase the concentration of the hydroxyl radical-derived DNA lesion, such as 8-oxodeoxyguanosine (ohdG), in the livers of PCP and tetrachlorohydroquinonetreated mice (7) (8) (9) (10) (11) . In addition, the formation of direct DNA adducts by the quinonoid metabolite, tetrachloro-1,4-benzoquinone has been reported in the liver of B6C3F1 mice treated with multiple doses of PCP (at 15 mg/kg body wt once a day for 7 days) (12) .
We are unaware of any published studies that have reported oxidative DNA damage and direct DNA adducts in the rat. To investigate whether the generation of reactive oxygen species and oxidative DNA damage, as well as direct DNA adducts, may explain the species difference in carcinogenicity, we have analyzed ohdG and direct DNA adducts in hepatic DNA from PCP-exposed rats. Fischer-344 rats were exposed acutely to PCP for 1 or 5 days and for 27 weeks in an interim sacrifice of the 2 year National Toxicology Program (NTP) bioassay.
Materials and methods
Male Fischer-344 rats,~200 g, were purchased from Charles River Laboratories (Raleigh, NC) and acclimated prior to treatment. PCP was dissolved in corn oil, and administered to rats by gavage in a volume of 5 ml/kg. Rats (n ϭ 3-4 per group) were administered 30, 60 or 120 mg PCP/kg for 1 day and killed 4 h following exposure. Additional rats (n ϭ 3-4 per group) were exposed to 30 or 60 mg/kg/day for 5 days. We isolated DNA from the liver by phenol and chloroform extractions and ethanol precipitation. Artifactual generation of ohdG was minimized during sample work-up by the addition of radical scavengers (e.g. butylated hydroxytoluene). We also obtained tissues from a 27 week interim sacrifice of the 2 year NTP carcinogenesis bioassay, in which Fischer-344 rats were fed 1000 p.p.m. PCP daily. DNA was isolated from the liver of 10 exposed and 10 control rats.
Fig. 1.
Comparison of ohdG in liver DNA of rats exposed to PCP. Fischer-344 rats were exposed to PCP (A) by single administration, (B) for 5 days and (C) 27 weeks. Levels of ohdG were detected by HPLC/electrochemical array analysis. Electrochemical oxidation was monitored at potentials of 300, 375, 450, 525, 600, 700, 800 and 900 mV. Quantitation of ohdG was based upon the applied potential of 375 mV. Treatment marked with different symbols (*) are statistically significantly different from control (P Ͻ 0.05).
Quantification of ohdG was based on HPLC/electrochemical detection approach, which was modified from a method described previously by Richter et al. (13) . DNA was hydrolyzed enzymatically to deoxyribonucleosides using deoxyribonuclease I, spleen phosphodiesterase, snake venom phosphodiesterase and alkaline phosphatase. The digest was separated by reversed phase HPLC, and ohdG quantified using an electrochemical array detector (ESA, Chelmsford, MA). Electrochemical oxidation was monitored at 300, 375, 450, 525, 600, 700, 800 and 900 mV. The electrochemical array system, with multiple electrodes, has significantly improved the sensitivity and specificity of detection. In a serial array of electrodes at increasing potential, compounds reacted and measured at one potential are effectively eliminated from detection by subsequent electrodes in the array. By this process, compounds that coelute are clearly differentiated. Moreover, the electrochemical oxidation pattern at different potentials provides a fingerprint that facilitates qualitative characterization of samples. The concentration of ohdG was normalized to the amount of deoxyguanosine present in tissues, as determined by HPLC/ electrochemical detection.
Results and discussion
We detected ohdG and dG in DNA digests using HPLC/ electrochemical detection, with maximum oxidation occurring 366 at an applied potential of 375 mV (electrochemical oxidation monitored at 300, 375, 450, 525, 600, 700, 800 and 900 mV). The linear range of the standard calibration curves for ohdG and dG were 5-500 fmol (r 2 Ͼ 0.990) and 0.1-5.2 nmol (r 2 Ͼ 0.999), respectively. The limit of detection was defined as 1 ohdG/10 7 dG when 100 mg of DNA was assayed. Values of the ohdG and dG were within the linear range of the standard curves. Concentrations of ohdG were 2-fold greater in hepatic DNA of chronically exposed rats (1.8 Ϯ 0.65ϫ 10 -6 ) relative to controls (0.91 Ϯ 0.42ϫ10 -6 ) ( Figure 1C) . This difference was statistically significant when compared using Student's t-test (P ϭ 0.01). We did not observe an increase in ohdG in hepatic DNA following a single exposure or the 5 day exposure to PCP ( Figure 1A and B) .
Several investigations have suggested that PCP-induced mouse hepatocarcinogenesis involves the generation of DNA reactive oxygen species (8, 10, 11, (14) (15) (16) . In this study, we investigated the effects of PCP exposure on steady state concentrations of the oxidative DNA lesion, ohdG, in Fischer-344 rats. Chronic exposure to PCP (1000 p.p.m.) induced 2-fold greater concentrations of ohdG in the hepatic DNA of exposed rats relative to controls. The increase in ohdG in the rat liver was comparable with that reported previously for B6C3F1 mice. Umemura et al. (11) reported a 2.4-2.8-fold increase in ohdG in hepatic DNA of mice exposed up to 0.12% PCP in the diet for 2-4 weeks. Based on food consumption, the amount of PCP ingested by the mice was 120 mg/kg/day compared with 60 mg/kg/day in the Fischer-344 rats exposed to 1000 p.p.m.
We did not observe an increase in ohdG in rats following a single or the 5 day exposures to PCP ( Figure 1A and B) , whereas Sai-Kato et al. (10) reported increased ohdG in mice exposed similarly. This difference may result from quantitative differences in PCP metabolism. PCP exposure has been shown to produce a 4-fold greater nuclear dose of total quinone metabolites in mouse liver relative to the rat (17). It is not known whether differences in ohdG following short-term exposure to PCP are important in the observed species differences in carcinogenicity. It is interesting to note that while acute exposure to PCP increased ohdG in mouse liver DNA, such increases were not observed in non-target organs (10) .
The generation of reactive oxygen species and oxidative DNA damage from PCP exposure does provide a plausible explanation for the increased incidence of mesotheliomas in rats. Previous research with mineral fibers strongly suggests that free radicals are involved in the development of mesotheliomas (18, 19) . The oxidant chemical, potassium bromate, also causes increased incidences of mesotheliomas (20) . Mesothelial cells have relatively low amounts of antioxidants and are susceptible to free radical toxicity. In the chronic bioassay of PCP, rats in the 600 p.p.m. exposure group received a greater cumulative dose than the 1000 p.p.m. group, as the former was dosed for 2 years compared with 1 year for the 1000 p.p.m. group (4). Yet, mesotheliomas were observed only in the latter group, indicating a possible threshold. Oxidative DNA damage commonly exhibits a threshold, where effects are not pronounced until cellular defences are significantly depleted.
Events in addition to the formation of oxidative DNA lesions also may be important in PCP carcinogenesis. There are species differences in PCP toxicity, with greater hepatotoxicity reported for 27 weeks and (C) reaction of tetrachloro-1,4-benzoquinone (5 mM) with calf thymus DNA. DNA (5-10 µg) was digested with micrococcal nuclease, spleen phosphodiesterase, and enriched by nuclease P1. Adducts were labeled with 32 P-ATP (~100 mCi, sp. act. Ͼ 7000 Ci/mmol) and T4 polynucleotide kinase phosphorylation. Aliquots were spotted onto polyethylene imine cellulose sheet (12ϫ20 cm) with a 15 cm wick (Whatman 17 Chromatography paper). The plates were first developed in 1.0 M sodium phosphate (pH 5.7) (D1) overnight. The adducts were separated by development in the opposite direction as D1 with 3.6 M lithium formate and 8.5 M urea (pH 3.5). This is followed by development in 0.6 M lithium chloride and 0.5 M Tris-HCl, and 8.5 M urea (pH 8.0) (D4) with a 2 cm of wick perpendicular to D3. A final development with 1.7 M sodium phosphate (pH 5.8) in the same direction of D4 is to reduce the background radioactivity. Screen-intensified autoradiography was for 20 h at -80°C. Quantification of adducts were estimated by relative adduct levels and were performed by counting the radioactivity for each adduct versus the respective total nucleotides by scintillation counter. in mice than in rats. PCP induces hepatocellular karyomegaly, cytomegaly and degeneration in mice, whereas only mild hepatotoxicity has been observed in exposed rats (2,21). Umemura et al. (11) reported that PCP exposure induced a sustained increase in cell proliferation in the liver of B6C3F1 mice. While the effects of PCP on cell proliferation have not been investigated in the rat, the species difference in toxicity suggests a possible species difference in cell proliferation.
Covalent modification of DNA by endogenous and exogenous electrophiles is generally considered to be important in carcinogenesis. In addition to ohdG, PCP induces other DNA lesions. Randerath et al. (22) reported that wood preserving waste extracts, which include PCP, increased concentrations of bulky oxidative DNA lesions. The quinone and semiquinone metabolites of PCP also are strongly electrophilic and capable of binding to macromolecules (5, 23) . The covalent modification of DNA was analyzed by 32 P-post-labeling after enrichment of assay sensitivity by nuclease P1 digestion as described (24) . Using the 32 P-post-labeling procedure, we observed adduct formation in liver DNA of Fischer-344 rats chronically exposed to 1000 p.p.m. PCP ( Figure 2B ). Values of relative adduct levels of these two adducts were estimated to be 0.78 Ϯ 0.04 adducts/10 7 total nucleotides. Comparison of DNA adducts 1 and 2 produced in rats treated with PCP and in calf thymus DNA by Cl 4 -1,4-BQ ( Figure 2C ) suggests that adduct 1 is derived from Cl 4 -1,4-BQ. Such an induction of adducts in the liver by chronic administration of PCP to rats was not detected in rats treated with single (0-120 mg/kg body wt) and multiple doses (0-60 mg/kg body wt) of PCP by gavage (data not shown). Formation of adducts in kidney DNA was also observed in these PCP-treated rats (15) . The chemical structure of the adduct, while unknown, appears to be the same as a DNA adduct induced by the PCP metabolite, tetrachloro-1,4-benzoquinone based on chromatographic migration. This adduct was present at a concentration 10-fold lower than the amount of ohdG present in the DNA. In addition, we noticed that there was evidence of parallel formation of DNA adducts and ohdG in the liver of rats chronically exposed to PCP, 367 whereas single and multiple doses of PCP to rats did not induce these DNA lesions. The tetrachloro-1,4-benzoquinonederived DNA adduct also was detected in mouse liver DNA following exposure to PCP (15 mg PCP/kg body wt/day for 7 days) at 8 adducts/10 7 nucleotides which is significantly greater compared with the rat (12) . This evidence is in good agreement with the finding that a greater nuclear dose of total PCP-derived quinone metabolites in mouse liver relative to the rat (17) .
It is known that DNA modification by PCP can be mediated by endogenous and exogenous electrophiles (Figure 3 ), but their relative importance in PCP carcinogenesis is unclear. Our finding of increased ohdG in rat liver suggests that it is not sufficient to induce hepatic carcinogenesis. However, ohdG is but one of many DNA lesions that derive from reactive oxygen species. Recently, PCP has been reported to induce apurinic/ apyrimidinic sites in DNA by an oxygen radical mechanism that involves cleavage of the deoxyribose, as well as by glycosylase cleavage of oxidized bases in DNA (25, 26) . Additional investigations of these secondary DNA lesions will be important to improve the understanding of PCP carcinogenesis.
The greater amounts of both oxidative and direct DNA damage, together with increased hepatotoxicity and cell proliferation, may provide the critical events necessary for hepatic carcinogenesis in the mouse. In contrast, the decreased amount of DNA damage and the lack of hepatotoxicity and cell proliferation in the rat do not result in such critical changes. The data suggest that a high degree of uncertainty will be associated with extrapolation of high dose cancer risks based on the mouse data to lower human exposures. 
